Highly ordered and vertically aligned straight nanotubes can be fabricated using an electrochemical anodization method on the valve metal surfaces, and a variety of nanostructures can be derived from these nanotubes. These nanomaterials have found a wide range of applications, especially in the fields of renewable energy generation and storage. This review provides step-by-step guidelines about the fabrication details and parameters of these nanomaterials, focusing on the systems originated from the metals of Al, Ti and Zr. Based on the fabrication of these nanotubes, different methods were developed to produce uniform metal nanowires using electrodeposition and mechanical injection, nanospheres and nanowhiskers on the top surfaces of the nanotubes, and dye-sensitized solar cells using anodic Ti oxide. These nanostructures and their phase transitions were characterized in detail by X-ray diffraction and electron microscopy techniques. Finally, towards the commercial applications of the nanotube related materials, fabrication of large-scale porous films was proposed.
INTRODUCTION
Nanomaterials have received much attention in the areas of nanoscience and nanotechnology, due to their significant enhancements of properties that occur when their sizes are reduced down to the nanometer scale, typically A common application of the AAO is its role as a template in synthesizing derivative nanomaterials. The template syntheses from AAO have been elegant chemical or thermal approaches leading to the fabrication of other nanomaterials. Several procedures were proposed and applied, such as electrodeposition, 6 high-pressure injection, 7 and atomic layer deposition. 8 These advantages of controllable pore size and channel length of AAO template have been applied by synthesizing carbon nanotubes, 9 C 60 thin film, 10 polymer nanopillars, 11 nanosprings, 12 and metal nanoparticles. 13 The fabrication of anodized titanium oxide (ATO) nanotubes (TiO 2 NTs), is similar to AAO. In fact, the technique of electropolishing Ti had been extensively applied in research and industry for decades, [14] [15] [16] [17] [18] and the technique of anodizing Ti had been used for many years to improve metal surface properties, including the reduction Chen et al.
Fabrication and Characterization of Highly-Ordered Valve-Metal Oxide Nanotubes and Their Derivative Nanostructures of corrosion in reducing environments, lessening of wearing and galling, and improving adherence of flue or paint. [19] [20] [21] [22] In recent years, titanium oxides have found new applications in converting solar energy, photocatalytic syntheses, photocatalytic degradation of certain organic pollutants, the electrolytic production of chlorine, and etc. [23] [24] [25] [26] [27] The high surface areas possessed by anodic zirconium oxide (AZO) nanotubes (ZrO 2 NTs) greatly improve their properties in certain applications, 28 29 such as gas sensors, 30 fuel cells, 31 thermal barrier coatings, 32 refractory materials, 33 and catalysts. 34 It has been found that the ZrO 2 nanotubes could be prepared by anodization in fluoride or chlorine ion-containing electrolytes. [35] [36] [37] [38] [39] However, in order to achieve the designed nanotube pore size and length, precautions should be exercised to adjust several anodization parameters, such as electrolytic composition, 40 applied potential, 36 sweep rate, 41 and anodization time. 42 43 In recent years, we performed systematic work on the fabrication and characterization of anodized Al, Ti and Zr as well as their derivative nanostructures. In this paper, we present a technical summary of our related work, including published data (with citations) and original data not published previously (without citation), on the fabrication and characterization of these nanomaterials. It provides stepby-step guidelines on the fabrication and characterization of these metal oxide nanotubes and related nanostructures derived from them.
EXPERIMENTAL PROCEDURES
The experimental data presented in the review paper are acquired by the authors. The experimental metals for anodization were commercial purity aluminum plate (Al, 99.7%, 0.3 mm), titanium foils (99.6% purity, 0.3 mm thick), and Zr foils (99.6% purity, 0.3 mm thick). The conditions for the anodization of these three materials are listed in Tables I-III , respectively. The fabrications of nanostructures derived from the nanotubes are described in the main text. The samples were mainly characterized by scanning electron microscopy (SEM, JEOL JSM-6360LV and FEI Quanta 600 at 20 kV), X-ray diffraction (XRD, Bruker D8) and transmission electron microscopy (TEM, JEM-2010 and FEI Tecnai F20 at 200 kV). For the SEM observation, a thin Au or Pd/Pt layer (∼3 nm) was deposited on the sample surface to form a conductive film to avoid charging effects during observation. For the TEM, a small piece of the sample was immersed into 1 ml of de-ionized water and broken into fine pieces using ultrasonication. Afterwards, a drop of the solution was placed on a Cu grid covered with carbon support film.
A pre-treatment of the TEM grid by glow discharging helps the dispersion of the nanoparticles deposited on the grid film. The principles for the electropolishing and anodization are basically the same. A simplified apparatus for the electropolishing and anodization is shown in Figure 1 . The metal sample is connected to the anode of the direct current (DC) power supply as the working electrode, while the counter electrode cathode material can be a piece of Pt, carbon graphite, or even the same metal as the sample. Upon applying the voltage on this circuit, metal ions dissolve into the acid solution which become M (n is the valence of the metal M), while H + ions were absorbed on the cathode side, which gain electrons to release H 2 gas. Several major parameters, like voltage, type of acid solution, temperature and time, control the yielded nanostructutres.
AAO NANOTUBES
The AAO is a ceramic material with a high melting point (2072 C) and hardness (9 on the Mohs scale of mineral hardness). Anodic alumina has been characterized by many terms, such as anodic aluminum oxide (AAO), [44] [45] [46] [47] [48] anodic alumina nanoholes (AAN), 49 anodic alumina membrane (AAM), 50 51 or porous anodic alumina (PAA). 52 The anodic oxide film consists of two layers: the outer porous thick layer and the inner thin layer, which is dense and dielectrically compact, and thus it is termed as the barrier layer or dielectric layer. The barrier layer thickness is typically between 0.1 and 2% of that of the entire film. 53 Depending on the electrolytes, anodizing time and voltage, AAO could be formed as compact alumina, thick porous alumina, or etching alumina. Compact alumina (no pores) is formed in a very weak acid or neutral solution, and its thickness is determined by the applied voltage. Thick porous alumina forms in medium-strength acid solutions, and its thickness is determined by the anodizing time. In the same electrolyte, pore density increases when anodizing time increases, but decreases with higher anodizing voltage or lower electrolyte temperature (hard coating). For etching alumina formed in strong acid or basic solutions, the thickness is determined by the diffusion limits of electrolyte. It is generally accepted that the thickness of barrier-type alumina is mainly determined by the applied voltage (1∼1.4 nm/V), 54 even though there are slight deviations depending on the electrolytes and temperature. The maximum attainable thickness in the barriertype alumina film was reported to be less than 1 m, corresponding to the breakdown voltage in the range of 500-700 V (DC). [55] [56] [57] Akahori 58 has demonstrated that the melting point of this inner oxide layer is 1000 C, while the AAO template is stable around 800 C, 59 which is much lower than that of the bulk alumina.
Electropolishing of Al
In order to obtain an optically smooth surface for fabricating a nanoscale template, it is recommended that electropolishing of the substrate of the aluminum surface be completed prior to the AAO process. Electropolishing was invented by Pierre Jacquet of France in 1929 and was first successfully applied to metallographic sample preparation in 1935. 60 Although it is mostly suitable for pure metals or single-phase alloys, it may not be completely applicable to multiphase alloys because of different polishing rates of the constituents. There are some important conditions for the electropolishing process, such as initial surface roughness, electrolyte composition, electrolyte temperature, stirring rate of electrolyte, voltage applied, current density, and polishing time.
If the roughness of the initial surface is too coarse, the electropolish time will be greater in order to remove excessive metal and waviness of the surface. The electrolyte contains solvent, attacking ions solution, and a viscous solution. The solvent can be methanol CH 3 
Al s → Al 3+ + 3e
2Al
The structure of AAO can be described as a closely packed array of columnar cells. Figure 2 shows the AAO template structure, which contains AAO membrane, a barrier layer, and the Al substrate. The AAO film fabrication using an anodization process was described by Chen Figure 3 shows the ordering patterns on the Al substrate after removing the first AAO film (the step 4 above), having different initial pores size formed under different conditions. Figure 4 shows SEM images of AAO by the second anodization followed by widening. They are fabricated in 10 vol.% H 2 SO 4 electrolyte at 18 V to get pore size of 10 nm (Fig. 4(a) ) and then widened to 20 nm (Fig. 4(b) ); 3 wt.% C 2 H 2 O 4 electrolyte at 40 V to get 30 nm (Fig. 4(c) ) and then widened to 40 nm (Fig. 4(d) ), and 1 vol.% H 3 PO 4 electrolyte at 195 V to get 250 nm (Fig. 4(f) ), and then widened to 350 nm (Fig. 4(g) ) and 450 nm (Fig. 4(h) ).
The AAO fabrication process on commercial Al, however, can be simplified through a one-step anodization to reduce the expense of processing. Since Al and oxygen in air can diffuse into the AAO porous structure from the bottom and top, respectively, they react to Al 2 O 3 . This process decreases the diameter of the main pores, making the sub-holes disappear from AAO during the heat treatment. This is considered as a self-repair process. Because the melting point of AAO is approximately 1000 C, the self-diffusion of AAO occurs in the nanochannels at temperatures up to 600 C. Therefore, the AAO self-repair by the heat treatment and pore widening enable the successful fabrication of AAO with ordered nanopores. Figure 5(a) shows the SEM image of the as-anodized AAO, with nonordered nanopores appear on the top view. To remove the sub-holes adjacent to the main holes, this sample was heat treated at 600 C for 4 h. As shown in Figure 5 (b), the pore wall distance became more uniform since some sub-holes disappeared, and the main hole was reduced approximately 10 nm in diameter owing to the self-diffusion in alumina. At this stage, it is suitable to widen the pore structures for a long period of time. Therefore, the pores are consecutively widened to different size with uniform diameter, as shown in Figures 5(c) -(e). 66 The self-diffusion in Al 2 O 3 results in the reduction of the main pore diameter and the disappearance of the subholes during the heat treatment. Diffusion coefficient D (cm 2 /s) is usually expressed as a function of temperature
where D 0 is a constant, Q is the activation energy for diffusion, R is a constant, and T is the absolute temperature in K. If Q is expressed in cal/mole, R = 1 987 cal/mol · K. The diffusivities of both Al 69 70 and oxygen 71 in Al 2 O 3 were studied previously. Figure 6 shows the schematic self-repair process. The initial holes in AAO are irregular after the first anodization ( Fig. 6(a) ), while the pores decrease in size after heat treatment (Fig. 5(b) ). In the following widening process, the pores are expanded and become more regular after widening (Figs. 5(c) and (d)).
AAO surface area can be computed based on structural parameters such as thickness (t , pore size (2R , pore density ( ), and sample size. For example, by assuming the hexagonal pattern with pore shortest distance equals to the radius R as shown in Figure 7 (a), the pore densities are calculated as 2.3 × 10 11 , 1.4 × 10 10 , and 2.1 × 10 8 pore/cm 2 for diameters of 15 nm, 60 nm, and 500 nm, respectively. The total pore surface area is expressed as 2 R × t × . The calculated results of the total surface area of three diameter pores are shown in Figure 7( 96 97 and chemical vapor deposition (CVD) 98 99 are the most popular approaches to fabricate nanowires. The electrodeposition technique has proved to be one of the cheapest methods for producing high yields of nanowires of different materials.
In order to make a conductive electrode, the insulated barrier layer on the bottom of AAO should be removed first. The barrier thickness is especially thick when higher voltage was applied during the anodization. For example, the barrier thickness is approximately 20 nm, 60 nm and 120 nm by anodization at 18 V in H 2 SO 4 , 40 V in C 2 H 2 O 4 , and 190 V in H 3 PO 4 , respectively. These barrier layers can be removed by wet etching using 5 vol.% H 3 PO 4 solution at 25 C for 0.5 h, 1.5 h and 4 h, respectively. Figure 8 shows the SEM images of the pore structures. Figure 8 (a) is the top view of the open pores, while along the side view in Figure 8 (b), it can be seen that the bottom of the nanotubes is closed along with the barrier layer. This is further confirmed in the bottom view of a dense barrier layer, as shown in Figure 8 (c). However, this barrier layer can be removed using 5 vol.% H 3 PO 4 solution, as shown in Figure 8 (d) where it is partially removed, and in Figure 8 (e) it is fully removed so that only the pores are exposed, which is similar to the top view image in Figure 8 (a). Afterwards, this conductive membrane can be used as electrode for metal electrodeposition. Figure 9 shows the images of Ni nanowires fabricated by the elecrodeposition process using 3 electrolyte of wt.% NiCl 2 · 6H 2 O + 1 wt.% NaH 2 PO 2 · H 2 O + 1 wt.% Na 3 C 6 H 5 O 7 · 5 · 5H 2 O, at pH level of 4∼6, temperature between 88-93 C, and at 3 V for 5 min. 
Nanowire Fabrication by Mechanical Injection Using AAO as Template
Metal casting is a well-established metal processing method in metallurgy. Knowledge gained from this traditional casting process, when combined with methodologies developed from nanotechnology, would be potentially helpful in keeping the nanomaterials fabrication at a low cost, improving the fabrication efficiency, and reducing the overall complexity of the fabrication process. Unlike most of the electrodeposition methods, the mechanical injection process does not require a conducting substrate or catalyst. It only needs high external pressure to overcome the surface tension of the liquid metal to fill the nanochannels of the template. Sn nanowires were fabricated by vacuum melting and mechanical injection of the melt into the nanopores of the AAO template using high pressure. The AAO template and a piece of Sn (0.6 cm 2 × 2 mm) were placed in a vacuum chamber and heated above the melting temperature of Sn (∼240 C) using a hot plate. A range of pressures was applied via a hydraulic jack to inject the molten Sn into the AAO template. The injection process was completed in less than a minute. After the injection process, the chamber was placed in cold water to cool down to allow the impregnant to solidify inside the channels within 15 min. The excess surrounding bulk Sn was then removed mechanically from the top AAO surface. The pressure P required to inject the liquid into a channel is inversely proportional to the channel diameter and proportional to the surface tension of the melt and the contact angle, which can be estimated by the simplified Washburn equation given by
where P is the pressure, is the surface tension of the melt, is the contact angle between the template and the melt, and D is the diameter of the channel. 100 In the current study, of Sn is 0.544 N/m, 100 and is 158 -173 . 129 Using the above equation for the given range of , the external pressure required to fill the AAO with 60 nm and 15 nm diameter templates with Sn melt is estimated to be ∼350 bar and ∼1401 bar, respectively. Figure 10 shows an outline of the step-by-step fabrication procedure of the Sn nanowires, which includes the metal melting on the top of the AAO nanochannels ( Fig. 10(b) ), mechanical injection ( Fig. 10(c) ), Al substrate removal ( Fig. 10(d) ), barrier layer removal ( Fig. 10 (e)) and partial AAO removal ( Fig. 10(f) ). A more detailed apparatus for this mechanical injection is shown in Figure 11 . The bottom side is heated so that as the sample metal is melted, and cooling water is applied on the upper side of the chamber to protect the rubber O-rings seal the vacuum. Figure 12 shows SEM image of Sn nanowires prepared inside the AAO template, along top view ( Fig. 12(a) ), cross-section view ( Fig. 12(b) ), cross-section view near the top in a high magnification ( Fig. 12 (c)), and cross-section view near the bottom in a high magnification ( Fig. 12(d) ). 65 Gold is a conductive noble metal that is commonly used in the semiconductor products, and silicon is a base material in the semiconductor industry. For example, an Au-Si eutectic alloy is used for microchip packing and interconnection in micro-electro-mechanical systems (MEMS). As the Au-Si eutectic has useful field-emission property, it serves for panels or displays. For instance, the 70 nm Au-Si eutectic nanocone-shaped structures exhibited an initiating field only 10 V · m −1 , 101 while when the Au-Si eutectic was fabricated with a tip shape a size of several m, a large field current 300 A was obtainable on the tip. 102 Although such an Au-Si alloy has excellent electronic characteristics, its mechanical properties are generally detrimental to the product quality. According to Komatasu and Kiritani, 103 an Au-Si eutectic became brittle upon subjection to the cold-rolling process. Gold is a ductile material, but a small proportion of brittle silicon in gold produces a brittle alloy. According to the Au-Si binary phase diagram, 104 the melting point of the eutectic point is only 363 C, which is even much lower than that of Al. Three are only three alloy phases present in the Au-Si system, i.e., hypoeutectic, eutectic and hypereutectic, in the absence of other compounds. When the temperature is higher than the liquid line temperature, Au and Si appear as mixture in the liquid. As the temperature decreases, hypoeutectic and hypereutectic phases appear along the hypoeutectic and hypereutectic lines, respectively. However at high temperatures, Au and Si form oxides, including the species of SiO 2 (s), Si(g), Si 2 (g), Si 3 (g) and SiO 2 (g) in the Si-O system, and Au(g) and Au 2 O 3 (s) in the Au-O system. The formation of these species causes a loss of composition during alloy smelting. The partial pressure increases with temperature in the order Au(g) > Si(g) > Si 2 (g) > Si 3 (g). In addition, the oxide formation order is Au 2 O 3 (s) > SiO 2 (g) > SiO 2 (s), indicating that the formation of SiO 2 (s) has a lower threshold of O 2 pressure than the formation of Au 2 O 3 (s) and SiO 2 (g). Hence, Au(g) and SiO 2 (s) are readily lost during the Au-Si smelting. Although the pressure of O 2 in the vacuum level chamber is low during the vacuum smelting process, the loss of Au(g) increases with temperature and duration of smelting. As a result, the proportion of Au lost during vacuum smelting is greater than Si. Therefore, in order to prepare Au-Si eutectic nanowires, extra Au (0.2 mass%) over the eutectic point was added in the raw materials of the Au-Si eutectic to fabricate Au-Si nanowires using the mechanical injection method. 105 Understanding the solidification behavior and the formation of alloys can help the correlation with the mechanical properties of the cast products. Many years ago, much effort had been consistently invested in establishing fundamental knowledge of this process. 106 107 With the development of semiconductor industry, basic research has extended to the solders and the issue of lead toxicity. [108] [109] [110] [111] Seeking substitute solders for specific purposes is a research trend. 112 113 Among those substitute materials for Pb-based solders, the eutectic Bi43-Sn57 alloy was considered as one with high potential for use in fuse products and low temperature applications. This alloy also exhibits additional advantages [114] [115] [116] [117] apart from low temperature; therefore, the Bi-Sn system had been an important topic of research no matter whether in solid or liquid phase, from the 1940s to the present. In the literature, most investigations worked on the macro-properties or the procedures of the bulk Bi-Sn alloys, while only few of them focused on research in the m or nm range. To fabricate the Bi-Sn eutectic nanowires, 62 118 a template AAO area was 4 cm 2 and a pore diameter was 220 nm. As a result, when the applied force exceeded to 13812 N (3.45 bar), the Bi-Sn melt could be injected inside the AAO to form Bi-Sn alloy wires. Figure 13 (a) shows a high-resolution back-scattered (BS) SEM image of the Bi-Sn eutectic nanowires, with an enlargement showing in Figure 13 (b). It is seen that segments of Bi and Sn are clearly revealed by this imaging mechanism, since Bi scatters electrons at larger angle than Sn so it exhibits brighter contrast over Sn. These nanowires are further identified in TEM in Figures 13(c) -(e). The TEM STEM image ( Fig. 13(c) ) displays similar contrast as the SEM BS images, while the EDS mapping reveals Bi and Sn directly (Figs. 13(d) and (e)). When the solidification was restricted within the nano scale, solutes would not greatly diffuse to the adjacent liquid perpendicularly to form the usual lamellar structures. 62 This one-dimension nanostructure restrained the diffusion and forced it to organize along the wire axis; thus, the segmented order was observed. The Bi segments occupy shorter fraction, while the Sn segments are relatively longer. This sequence of eutectic microstructure along its growth direction is different from the typical Bi-Sn eutectic, which is arranged perpendicularly to the liquid-solid interface. The fact that the interlamellar interface was approximately normal compared to the mean solid-liquid interface could be explained through the solidification behavior of bulk eutectic alloys.
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Editor In addition, nanowires made of the shape-memory alloy In-Tl were prepared by this mechanical injection method recently. 119 120 These nanowires are composed of dense {101} twins, and reversible martensite ↔ austenite transformations were observed 120 using in situ TEM, which is a promising characteristic to achieve the shape memory effect on the nanoscale.
Nanosphere Fabrication by Thermal Expansion Using AAO as Template
High-grade metal powders must meet specific quality criteria, such as spherical shape, high cleanliness, and homogeneous microstructure. In general, powder can be fabricated by gas atomization (GA), 121 water atomization (WA), 121 ultrasonic gas atomization (USGA), 121 centrifugal atomization (CA), 122 laser spin atomization (LSA), 123 rotating electrode process (REP), 124 pulverization sous vide (PSV), 125 and rapid spinning cup (RSC). 126 In these methods, micron-and sub-micron scale powders can be fabricated easily; however on the nanoscale, it is difficult to control the particle size, uniformity or size distribution in a narrowed range. However, methods developed using nanotechnologies, such as rapid solidification, plasma processing, in situ chemical reaction, chemical vapor deposition, high-energy ball milling, and sol-gel, 127 128 are powerful processes for fabricating high-quality nanoparticles. Among these methods, the rapid solidification process (RSP) is an effective and cost-efficient method to obtain spherical alloy particles on a substrate surface.
Since Sn has a high surface tension and AAO has good roughness on its surface in the nanoscale range, Sn nanospheres are likely to form on the AAO surface. When the remaining Sn outside the AAO channels melts, the melt particles solidify on the AAO surface. In our experiment, AAO with remaining Sn was heated to 235 C, which is 3 C above the Sn melting point, for 30 seconds in a vacuum (10 −3 torr) chamber. We then quenched the chamber to a low temperature (8 C) . The rapid solidification of melt on the AAO surface caused an actual sphere to form quickly; furthermore, the contact angle between a sphere and AAO was larger than 120 . The linear thermal expansion of a metal can be estimated by
where l T and l 0 are the length at temperature T and 273 K (0 C), respectively, with a temperature difference of T , and is the coefficient of linear thermal expansion. In this experiment, = 22 × 10
130 For example, if the length of Sn nanowire is 10 m length and its diameter is 60 nm at 0 C, after reheating to 235 C, the thermal expansion ratio (l T − l 0 /l 0 is 0.517%, and thus expanded length out of the AAO is (l T − l 0 = 51 7 nm, with volume of 146,178 nm 3 . The melt would form a sphere with diameter of 32.7 nm during solidification. However, since the distance of cell wall of the AAO is shorter (15 nm) than the pore diameter (60 nm), two or more spheres may merge together. Figure 14 shows the schematic process of the formation of Sn nanospheres, from the Sn NWs in AAO ( Fig. 14(a) ) to small nanospheres ( Fig. 14(b) ) and then larger nanospheres (Fig. 14(c) ). Figure 15(a) shows the Sn nanospheres made by the thermal expansion at 235 C and rapid solidification process with diameter between 90 and 300 nm. In the area in Figure 15(b) , the nanospheres on the AAO surface are uniform. The nanospheres can be collected by mechanical vibration in alcohol, as shown in Figure 15 (c). The nanospheres can be made at the higher temperature (300 C) by thermal expansion, as shown in Figure 15 (d), while some of them have merged together at the high temperature. After fast quenching, the nanospheres are cracked, as shown in Figure 15( devices. 130 132 Recently, for nanosized solder, the use of a fusible alloy for nanospheres is becoming more attractive. The ability to produce eutectic lead-bismuth alloy efficiently with a controlled size range and composition is thus of fundamental and technological interest. Figure 16 shows the schematic process. First, assemble eutectic leadbismuth alloy and AAO template into a sealed tube as shown in Figure 16 (a), after heating to melt the Bi-Sn alloy then lay the tube down, as shown in Figure 16 (b), in such a way a thin Pb-Si film is coated on the AAO surface, which is composed on nanospheres.
The melting temperature of eutectic lead-bismuth alloy is near 125 C, however, due to the occurrence of oxidation at the interface of the melt/template, higher temperature with prolonged time is required to obtain the alloy nanospheres. In the tube having a pressure of 10 −3 torr, the optimal condition for forming lead-bismuth nanospheres is at temperature of 350 C for 21 h. Examination of the template surface in SEM (Fig. 17) shows that nanospheres of eutectic lead-bismuth alloy have formed on rims of ordered holes of the template, which are spherical and much smaller than the pores. The nanoparticles are isolated and partly in contact with each other. The ordered pattern provides reaction sites that aid the molten alloy to form smaller droplets with uniform spherical shape because of the high contact angle.
Nanosphere Fabrication by Centrifuge
Method Using AAO as Template
Vacuum centrifugal process is a method to fabricate Bi nanospheres. Figure 18 (a) shows a schematic setup of a Ti tube, which contains AAO film/Al substrate and a piece of Bi inside a glass tube sealed in a vacuum with the pressure maintained under 10 −6 torr by using a turbo molecular pump to prevent Bi oxidation. In order to prevent the glass Rev. Nanosci. Nanotechnol., 1, 229-256, 2012
Delivered tube from breaking in the centrifuge, a refractory cloth was used to fix the glass inside the Ti tube, which was then sealed using oxy-acetylene gas to maintain a vacuum. The Ti tube was heated up to the Bi melting temperature (271 C) for 5 min, and then was placed in the centrifuge, as shown in Figure 18 (b). During spinning, the centrifugal force was applied to inject the Bi melt into the AAO template. The centrifuge featured a frequency conversion motor whose maximal rotational speed was 75,000 rotations per minute (rpm), allowing the injection process to be completed in less than a minute. After centrifuging, the remaining Bi metal was removed from the AAO surface. In order to form Bi nanospheres, the specimen was reflowed in silicate oil, as shown in Figure 18 (c). The thermal expansion effect in the hot silicate oil caused the extra molten Bi to come out of the AAO, forming nanospheres on the AAO surface. In order to separate the nanospheres having different sizes, Bi nanospheres in alcohol solution were placed into Ti tubes for centrifuging again, as shown in Figure 18 (d). Figure 19(a) shows the SEM image of Bi nanowires fabricated by this centrifuge method. It is seen that Bi melt was successfully injected into the AAO template. After heating at 275 C for 5 sec, as shown in Figure 19(b) , the Bi metal already has expanded out of the AAO channels, while after heating for 25 sec, nanospheres have formed, as shown in Figure 19(c) . Figure 20 shows the Bi nanospheres with a size range of 0.15-1 m collected from the different locations of the centrifugal tube. In Figure 20 (a), the 1 m Bi sphere was collected from the 22 cm position of centrifugal radius; while with the shorter centrifugal radius, the nanospheres collected are smaller, as shown in Figures 20(a) -(e). dye-sensitized solar cells (DSSC) to enhance the reduction reaction of iodine ions, the proton exchange membrane of fuel cells is used to enhance the oxidization reaction of hydrogen to form electrons, and the conversion site between carbon dioxide and methane is used to enhance water reduction. Because the mass of platinum used in such devices is a major factor that determines the cost, a reduction in cost would require a reduction in the specific surface area of platinum.
To fabricate Sn-Pt core-shell nanospheres, Sn was first sputtered on the AAO template, so that Sn nanospheres were formed on the AAO by sinking tin-deposited AAO into hot silicone oil through the thermal-reflowing process (similar to Fig. 18(c) ). The size and quantity of the nanospheres were controlled with the sputtering time and power applied to the samples. The thermal-reflowed tin nanospheres were subsequently coated with thin platinum (Pt) film by DC sputtering, forming Pt-Sn coreshell nanospheres. 
Nanowhisker Fabrication by Controlling
Temperature Using AAO as Template
Tin whiskers are electrically conductive. Straight, kinked, hooked, nodules, pyramidal or forked shapes of tin whiskers have been reported. [133] [134] [135] [136] The length and diameter and these whiskers are 1-10 mm, with the growth rate about 0.03-0.9 mm/yr. There are several mechanisms of tin whisker growth, including the release of residual stresses, intermetallic formation, recrystallization, externally compressive stresses, and thermal expansion mismatches.
137-139 However, nanosized crystals could form within few minutes when temperature is near its melting point. Such structures are very sensitive to the temperature variation. Compared to their bulk form, these nanomaterials possess large surface-to-volume ratio that promotes their atomic activity, resulting in variable melting points. Figure 22 (a) shows the blank AAO template, which was injected with Sn melt to form Sn nanowires (Fig. 22(b) ). Reheating the sample results in the whisker formation ( Fig. 22(c) ), with residual stress as the driving force. When the reheating temperature is close to the nanowhisker melting temperature, the nanosphere forms on the nanowhisker tip ( Fig. 22(d) ). Figure 23 shows different Sn nanowhiskers and particles grown on the surface of the AAO pores with 60 nm in diameter, which are filled with Sn inside, at the heating or cooling rate of 50 C/min that was controlled precisely using differential scanning calorimetry (DSC). At 25 C, the SEM image shows clean AAO surface with Sn filled with nanochannels ( Fig. 23(a) ), while when heat up to 220 C, nanocrystals form (Figs. 23(b) and (c) ). Further, when the temperature reaches 226 C, nanowhiskers form on the AAO surface, as shown in (Fig. 23(d) ), which then agglomerate at 230 C (Fig. 23(e) ). At higher temperature of 231 C, nanospheres form (Figs. 23(f) and (g)), and at 240 C, nanospheres are predominant ( Fig. 23(h) ).
Two other morphologies are also observed. One is sharp Sn needles which grew in high vacuum, as shown in Figures 24(a), (b) ; and the other type is nanorods with nanospheres on the tip as shown in Figures 24(c) which grew in a relatively lower vacuum, possibly related to the oxidation of the tip during the growth.
TiO 2 NANOTUBES
The TiO 2 nanotube arrays were first made by Zwilling et al. 140 and thereafter studied in great details by others. [141] [142] [143] [144] [145] [146] [147] In these studies, the TiO 2 nanotubes wee prepared by anodization, and the nanotube length was controlled by varying the amount of fluoride ions in the electrolyte. For example, the aqueous HF-based electrolyte grew 0.5 m long, NaF or KF-based electrolyte grew 6.8 m long, 141 and F ion-based electrolyte grew 134 m long nanotubes. 143 The fabricated TiO 2 nanotubes were used in photocleavage reactions, DSSC, hydrogen sensing, and self-cleaning sensor studies. 144 The anodization of titanium foil in F − with minimum water content in the nonaqueous organic polar electrolyte can form closely packed and vertically aligned nanotubes. This eletcrochemical processes may be described as: [145] [146] [147] Ti → Ti 4 + +4e − During the anodization process, the oxidation reaction (9) occurs at the metal/electrolyte front, and water in the electrolyte is decomposed (reaction (10)). Then TiO 2 forms between metal and electrolyte through ion migration in reactions (11) or (12) . Fluorine ions etch TiO 2 forming TiF 6 2− , which combines with H 2 O forming TiF 6−n OH n 2− as expressed in reactions (13) or (14) . Because fluorine ions are doped in TiO 2 rather than forming a compound, the reaction (14) should be rewritten as (15) . Finally, Ti OH 6 2− reacts with 2H + to form TiO 2 nanotubes (reaction (16)).
Titania has been used in a various applications such as environmental, 148 catalysis, 149 dielectrics, 150 optoelectronics, 151 sensors, 152 and solar cells. 153 It is known that titanium dioxide has three stable phases, anatase, brookite, and rutile. 154 The transformation of those phases depends on the annealling temperature at a constant oxygen pressure, such as in an air furnace. Among them, the rutile TiO 2 is white in color, and is thermally and chemically highly stable, so it is often used as a raw material to produce the white color. Since anatase TiO 2 has photoelectric, photocatalyst, and hydrophilic characterestics, [155] [156] [157] [158] it is used in solar cells, disinfection, and surface selfcleaning applications. After anodizing the Ti, the TiO 2 NTs possess amorphous structure. Varghese et al. 159 showed that amorphous ATO could be crystallized by heat treatment. At temperatures between 25-230 C, the ATO is amorphous; at temperatures between 280-450 C, the anatase phase appears, and at temperatures between 480-620 C, the rutile phase forms. A later work by Li et al. examined the stability at 300, 400, 500, 600, 700 C for 2 h. 160 Between 300 and 500 C, only the anatase phase was found, while the rutile phase appeared at 600 C, and at 700 C, the anatase and rutile phases coexisted. Similarly, Yu and Wang 161 studied the stability of TiO 2 nanotubes on Ti substrate at 300, 400, 500, 600, 700 and 800 C for 2 h. They found that between 300 and 500 C, only the anatase phase and Ti substrate were identified from the XRD patterns, while at 600 C, rutile phase appeared, coexisting with the anatase phase between 600 and 700 C. At 800 C, only the rutile phase was present. Recently, Fang et al. 162 examined the stability using freestanding TiO 2 membrane, rather than using TiO 2 film on the Ti substrate as used in the previous studies. They found that the freestanding membranes had many particles on their tubes during calcinations from 450 to 900 C. The TiO 2 nanotubes on the Ti substrate transform to rutile crystals at 600 C, while the freestanding TiO 2 membranes retained the anatase crystal with increased temperature up to 800 C, with prolonged temperature range for the anatase.
Electropolishing of Ti
Attaining high-quality smooth surfaces by mechanical polishing is difficult even for the most competent metallographer, while electropolishing can produce smooth surface. The Ti electropolish parameters of Ti are: 5 vol.% perchloric acid (HClO 4 + 53 vol.% ethylene glycol monobutylether (HOCH 2 CH 2 OC 4 H 9 + 42 vol.% methanol (CH 3 OH) as an electrolyte at 15 C, working electrode of Ti is applied 52 V for 1 min, followed by 28 V for 13 min.
TiO 2 Interference Membrane and NT Film
The surface of titanium metal is spontaneously covered with a 1-10 nm thick transparent film of titania 163 if it is exposed in air at room temperature. Increasing the thickness of this oxide film by anodizing would change the film color, which is explained by multiple-beam interference theory. 164 The interference occurs between the beam reflected by the oxide surface and the metal substrate surface after penetrating the oxide film, and thus it provides a way to estimate the film thickness. During anodization, the thickness of the oxide is controlled by the applied voltage, with a growth constant of 2-3 nm/V. 165 Various colors are observed at constant voltage, which are not observable during mechanical polishing. The growing rates of films vary with the orientations of the surfaces of the grains, so the polycrystalline titanium surface shows various colors after anodization at a constant voltage. This technique is useful to identify the grains by optical microscopy. The ATO films have attracted considerable attention due to their special characteristics, such as their high melting point, interference optical property, semiconductive electrical characteristics, and high-strength mechanical behaviors depend upon pore size. [166] [167] [168] [169] Titania is also a useful catalytic and gas-sensing material. Titanium oxide thin films with nanoporous structures are desirable for use in these applications because of their large surface area and high reactivity.
To prepare the ATO interference membrane, Ti is anodized in a non-halogen containing electrolyte and the thickness of the interference membrane is controlled by the applied voltage. (Fig. 26(a) ) to 90 sec (Fig. 26(h) ). It is seen that with longer anodization time, the nanotube structure turns to be more regular. Figure 27 shows the images of TiO 2 films fabricated under different conditions. The original sample after 500 C annealing exhibits a dense TiO 2 film with 1.5 m thickness, as shown in Figure 27 In the first stage of the anodization, the degree of ordering on the surface of ATO is low, since the surface of the initial material is relatively rough on the micrometer scale. As a result, holes develop randomly. To improve the ATO ordering on the surface, two-step anodization may be applied. 171 This process involves two separate anodization procedures, as sketched in Figure 29 . Starting form the Ti film with rough top surface ( Fig. 29(a) ), the first anodization process is a long-period anodization to form the highly ordered dimple configuration at the TiO 2 /Ti interface using the electrochemical anodization of Ti foil at 60 V (Fig. 29(b) ). Subsequently, the textured Ti substrate was obtained after removing the ATO membrane using ultrasonic agitation in 95% of ethanol solution (Fig. 29(c) ). Then the textured Ti substrate was anodized again under conditions identical to the first anodizing step, in which an ordered hole array throughout the entire oxide layer was generated during this process (Fig. 29(d) ). Using ultrasonic agitation, the free standing and well-ordered ATO membrane, with ideally hexagonal ordering, could be peeled off from the Ti substrate.
In the ATO membrane prepared by the first anodization, as shown in the SEM image of the top surface in Figure 30 (a), the ordering areas are limited, with evident gaps exist between them, and the degree of hexagonal ordering is also limited. Figure 30(b) shows the Ti substrate after removing the TiO 2 membrane, which exhibits a relatively flat dimpled surface, acting as the starting material for the second anodization. By the second anodization, a free-standing and well-ordered ATO membrane was produced, as shown in Figure 30 (c). Its average pore diameter is about 115 nm as measured from its top surface, and the length of the membrane is about 158.3 m as revealed from the cross-sectional view in Figure 30 (d). Figure 31 shows schematic structure and geometry of the TiO 2 NT. Larger open pores are on the top side, while smaller closed pores are on the bottom side. Similar to AAO, the bottom is barrier layer in a hexagonal pattern. R 1 and R 2 , and T 1 and T 2 are denoted as the radius and pore width of the top and bottom pores, respective, W is the thickness of the outer barrier layer, L and H are the length and height of the inner conical column, respectively. We have
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TiO 2 NT Structure
In reality, H is very long while both R 1 and R 2 are short, L ≈ H . The volume of the outer compact layer V outer and the volume of the inner conical form V inner are calculated as
The density of the ATO ATO is thus
where TiO 2 is the density of TiO 2 , TiO 2 = 4 23 g · cm −3 . The porosity P , which is the surface ratio of the pore areas, are expressed as follows
For example, let R 1 = 60 nm, T 1 = 20 nm, R 2 = 25 nm, T 2 = 55 nm, W = 40 nm, and H = 10 m, L = 10 06 m. Therefore, ATO = 3 09 g · cm −3 , P top = 51%, and P bottom = 9%. Figure 32 shows SEM images of TiO 2 nanotube structures. In Figure 33 (a) along the top view, the pores are large, with about 120 nm in diameter. Along the side view in Figure 33(b) , the nanotubes are straight, and the barrier layer is visible near the bottom. However along side the bottom view in Figure 33 It is important to notice the inner surface area S inner , which includes the sidewall and bottom area as follows
If we suppose that the sample area is S = 1 cm 2 , it would accommodate S/ 2 √ 3 R 1 + T 1 2 = 4 510 548 978 nanotubes. Figure 33 shows the accumulated inner surface area S of the nanotubes fabricated on the specimen surface area of 1 cm 2 , as a function of the length L, or approximately H , up to 100 m. It is seen that S is greatly increased. When L = 10 m, S = 120 5 cm 2 . TiO 2 NTs can also be fabricated by sol-gel with the assistance offered by AAO, for example, immersing the Afterward, the sample was annealed at 300 and 550 C for 1 h to obtain anatase TiO 2 NTs in the Al 2 O 3 template. Figure 34 shows TiO 2 NTs inside AAO template. Along the top view in Figure 34 Figure 34 (c) may be impurities, which were burnt away after annealing at higher temperature as shown in Figure 34 (d).
TiO 2 NT Film Application for DSSC and CO 2 -CH 4 Conversion
The large surface area of nanoporous TiO 2 film enhances its chemical reaction efficiency. However, a compact TiO 2 barrier layer often forms simultaneously by anodizing or annealing the titanium surface. Ordered nanotube arrays of TiO 2 film cannot grow unless the critical process parameters are controlled. There are two popular methods used to obtain uniform nanosized TiO 2 : sol-gel 172 and anodization. 141 142 173 174 Gratzel 172 fabricated TiO 2 nanoparticles using the sol-gel process for DSSC anode. When the TiO 2 nanotubes were fabricated by anodization, and the various tube lengths were controlled by the fluoride ions contained in the electrolytes. For example, a length of 0.5 m ATO could grow in aqueous HF-based electrolyte, 6.8 m ATO in aqueous NaF or KF-based electrolyte, 141 and 134 m ATO in nonaqueous F ionsbased electrolyte to Ref. [143] .
Mor et al. 144 fabricated TiO 2 nanotubes by the anodization process that were used as the anodes of photocleavage reaction, DSSC, hydrogen sensing, and self-cleaning sensor studies. From the report by Peng et al. 175 TiO 2 nanoparticles constructed on a porous DSSC electrode could slow down the electron diffusion. In contrast, ordered nanotube structures could lead free electrons to reach direct pathways to the interface. In the previous research, 143 a DSSC anode with 0.36 m length was formed on fluorine-doped tin oxide (FTO) glass, and the photocurrent efficiency reached 2.9% under an AM 1.5 solar simulator, although the theoretical ideal photocurrent efficiency is close to 31% for a single photo system scheme. Also, Zhu et al. 176 found that the DSSC conversion efficiency was in direct proportion to the TiO 2 NT length. When the length of the anodized TiO 2 nanotubes were 1.9-5.7 m, the photocurrent efficiency was 1.7-3%. According to the study by Smestad et al. 177 it was economically feasible to fabricate the DSSC from in the expensive TiO 2 materials.
Due to increased energy demands and concerns about global warming, scientists are constantly looking for potential renewable energy sources. Although the 2010 Copenhagen United Nations Climate Change Conference has ended, this issue is not ignored but has extended to a more positive topic of controlling greenhouse gases, especially carbon dioxide. More and more frequent human activities not only reduce the available supply of fossil fuels, but also rapidly increase the level of anthropogenic carbon dioxide which is a great concern.
In 1979 Inoue and co-workers demonstrated the photovoltaic reaction to recycle carbon dioxide via conversion into organic compounds in water, 178 which was followed with addition research efforts on the photocatalytic conversion of carbon dioxide in liquids. [179] [180] [181] This reaction involves only water and carbon dioxide to form a useful carbon cycle as
The photocatalytic hydrocarbon-forming reaction requires photons, which requires photocatalyst to utilize the solar energy efficiently. Graetzel et al. 182 reported the production of methane from a mixture of carbon dioxide and hydrogen by using nanoparticle dye sensitized solar cell (NP-DSSC) system.
Because of two double bonds between C and O (C O) and because each C O bond has 745 kJ/mol bond energy, 183 CO 2 conversion usually always requires severe conditions of high pressure and/or high temperature. However, through the TiO 2 photocatalytic reduction process, CO 2 is more manageable for the formation of CH 4 , CO, CH 3 OH, HCHO, HCOOH, etc. 184 Ishitani et al. 185 reported that platinum (Pt) dispersed on TiO 2 could improve the photocatalytic activity of TiO 2 . Slamet et al. also pointed out that copper ion (Cu 2+ supported on TiO 2 had more significant contribution to improve the CO 2 photocatalytic reduction activity. 186 According to the research by Varghese et al. 187 In their research, 6.8% conversion of carbon dioxide and water vapor to methane was achieved using nitrogen-doped titania nanotube arrays.
ZrO 2 NANOTUBES
During the growth of zirconia, Zr 4+ movement is negligible whereas the growth occurs mostly at the metal/oxide interface via the inwards transports of F − and O 2− across the growing layer, 188 189 and there is a competition between fluoride ions and oxygen ions moving inward. ZrO 2 nanotube formation in F − -containing electrolytes is also the result of a competition between an electrochemical oxide formation and chemical dissolution of oxide by fluoride ions:
Fabrication Procedures
To prepare ZrO 2 nanotubes, electropolishing the Zr foils is normally not needed. The procedures to fabricate ZrO 2 nanotubes are listed as follows:
(1) Degrease Zr foils (99.6% purity, 0.3 mm thick) by sonication in acetone, isopropanol and methanol. This procedure is followed by rinsing with deoinized water and air drying.
(2) First anodization. The electrochemical setup consists of a two-electrode configuration with graphite gauze as a counter electrode. The electrolyte is a mixture of formamide and glycerol (weight ratio = 1:1) containing 1 wt.% NH 4 F and 3 wt% H 2 O. The anodization is done at room temperature at 50 V, and the solution is rigorously mixed using a magnetic stirrer. After anodization for 3 h, the whole sample is transferred into aqueous solution and ultrasonic agitation was applied for several minutes. Figure 35 The advantages of freestanding membranes lie on their optimized microstructure, such as direct electrons transfer 190 and stability to mechanical vibrations. Flexible freestanding membranes should have much wider applications, which can be directly used or attached onto foreign substrates. 162 192-195 Figure 36 (a) shows a digital image of an integrated freestanding ZrO 2 membrane obtained after two-step anodization under 50 V for 3 h. The lateral dimensions of the membrane are about 1.0 × 0.5 cm 2 . Figure 36 (b) shows a topological SEM image of the freestanding ZrO 2 membrane, and highly ordered nanotubes are clearly evident. The average tube diameter is about 60 nm. The cross-sectional SEM image confirms closely packed nanotubes perpendicular to the membrane surface. The thickness of the freestanding membrane is about 30.93 m (Fig. 36(c) ). The bottoms of the nanotubes are closed (Fig. 36(d) ). 36 
ZrO 2 Nanotubes Phase Structures and Transitions
ZrO 2 has three known phases namely monoclinic phase (space group C Most of the as prepared anodic ZrO 2 nanotubes are amorphous. Zhang and Han found the as-anodized film was cubic and amorphous ZrO 2 . 197 Tsuchiya et al. also detected a cubic zirconia in the as-prepared nanotubes. 40 While Zhao et al. noted that the crystalline phases of the asprepared film were predominantly orthorhombic phase with some monoclinic phase crystallites. 198 Before utilization of the freestanding ZrO 2 nanotube membranes for different applications, e.g., those needing high operating temperatures, factors such as the crystalline nature of the structure and its stability must be examined. XRD patterns of the as-prepared ZrO 2 membrane and the membranes annealed at different temperatures are shown in Figure 37 . The as-prepared sample is an amorphous structure. At 400 C, most of the diffraction peaks are indexed as the tetragonal phase, while the two peaks of monoclinic zirconia at 2 = 28 22 , and 2 = 31 5 also appear. At 900 C, most of the diffraction peaks are indexed as monoclinic phase, while a main peak of tetragonal zirconia at 2 = 30 3 still exists. All the samples consist of tetragonal (t) phase and monoclinic (m) phase ZrO 2 when the membranes were annealed at a temperature between 400 and 900 C, and the content of monoclinic phase increases gradually with increasing temperature of calcinations. 36 While in bulk form, ZrO 2 usually exists in the monoclinic phase at room temperature, heating to 1170 C leads to formation of the tetragonal phase, and heating to 2370 C results in transformation to the cubic phase. 199 The stability of nanoscaled ZrO 2 differs largely from its bulk form.
FABRICATION OF LARGE-SCALE NANOSTRUCTURE FILM
Controlling the electrochemical parameters to prepare the small-scale samples for laboratory research has not been difficult. In mass production environments, however, the capability to control constant current density and temperature becomes a critical issue. Here we propose several molds for large work pieces. These molds were designed to keep constant current density and to facilitate the occurrence of electrochemical reactions in designated areas. Large-area thin films with fine nanostructure have been successfully prepared using these designed electrochemical molds and containers. In addition, current density and temperature could be controlled well. This electrochemical system has been verified in many experimental operations, including etching of Al surfaces; electropolishing of Al, Ti and stainless steel; and fabrication of anodic alumina oxide (AAO), Ti-TiO 2 interference membrane, TiO 2 nanotubes, AAO-TiO 2 nanotubes, Ni nanowires and porous tungsten oxide. Figure 38 shows the structure of a flat electrochemical mold for fabricating large-scale samples. The counter electrode net is fixed between two insulated boards with openings in the center as shown in Figure 38 (a), in such a way the gas can be quickly released through the net holes. The working electrode is fixed between silicone gel sheets that prevent liquid leaking, and the electrolytic bath is fixed above the working electrode (sample), as shown in Figure 38 (b). Figure 38 (c) shows the fully assembled mold with the counter electrode fixed on top of the working electrode structure. The flat mold has some advantages over the rotating mold. For example, (1) the gas generated by the electrochemical reaction does not stay on the counter electrode net; (2) because the design does not include a metal plate, conducting rod, and metal base, the materials cost is reduced and the likelihood of electrolyte leaking is decreased; (3) because the counter electrode sits directly over the working electrode, the mold is more integrated; (4) the active open area on the top board can be in various shapes; (5) the available sample area is increased because of the use of a square board design.
When the sample is scaled up to the larger size and more samples are produced, the exothermic and endothermic reactions can affect the bath temperature. So, an electrochemical bath requires a temperature control. Figure 39(a) shows the electrochemical system that includes chemical reaction bath, cooling bath, heat exchange bath, heat exchange tube, air compressor, and glandless pump. In order to obtain a constant temperature in the chemical reaction bath during electrochemical reaction, the chemical reaction bath, cooling bath, and heat exchange bath are connected together. The heat exchange tube is set inside the heat exchange bath and the glandless pump is used for electrolyte flowing between heat exchange bath and chemical reaction bath. The water pump circulates the antifreeze of ethylene glycol between cooling bath and heat change bath. Figure 39(b) shows the heat exchange tube, which is constituted by elbows, pipes, and connecting silicone gel tubes. The most feasible shape of the heat exchange tube can therefore be fitted to various shapes within the heat change bath. Figure 39 diverged to four inlets. Therefore, the chemical reaction bath can get a more constant temperature and electrolyte agitation property than when electrolyte inlet has just only one prototype.
To evaluate the performance of the designed electrochemical molds and bath, several tests have been performed, including chemical etching, electropolishing, electroplating, and sol-gel experimental test. In these tests, various chemical solutions were placed in the electrolytic bath, and gas input, agitation, and constant temperature were controlled by air compressor, glandless pump, water bath, ethylene glycol, and the heat change tube assembly.
CONCLUDING REMARKS
In this paper, we demonstrated the details to fabricate highly ordered nanotubes on Al, Ti and Zr surfaces using the electrochemical method. Further, by taking the advantages of characteristics offered by these nanotubes, we developed different methods to fabricate nanowires using electrodeposition and mechanical injection using AAO as a template, nanospheres fabrication on AAO by thermal expansion, thermal immersion, centrifuge and sputtering, and nanowhisker fabrication on an AAO by controlling the temperature. A notable example is the metal nanowire fabrication by the mechanical injection method, which only requires a lower melting point (<∼ 600 C) unrelated to the sample chemistry, so it is universally applicable for the production of uniform high-quality nanowires. Successful examples include Sn, Bi, binary Bi-Sn and Au-Si, as well as the shapememory alloy In-Tl. Geometrical analysis indicated a much improved nanotube inner surface areas, which provide active sites for chemical reactions. However, for commercial applications, it is needed to prepare large-scale nanoporous films.
It should be pointed out that porous anodic oxide films have also been made on the surfaces of other metals, such as hafnium, 200 niobium, 201 tantalum, 202 tungsten, 203 vanadium, 204 and alloys of Ti-Mo, 205 Ti-W, 206 Ti-Nb, 207 Ti-V, 208 Ti-Zr, 209 Ti-Ta, 210 and Ti-Al. 211 In the literature, most of the research concentrated on Al and Ti, while less research was completed on other systems including Zr. Therefore, these metals especially the alloys with multiple compositions, remain possibilities for further exploration.
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